Aquatic ecosystem biomonitoring tools are largely lacking for many developing countries, resulting in adoption of tools developed from other countries/regions. In many instances, however, the applicability of adopted tools to the new system has not been explicitly evaluated. The objective of this study was to test the applicability of foreign diatom-based water quality assessment indices to urban streams in Zimbabwe, with the view of stimulating research to develop improved approaches for assessing ecological integrity of lotic systems in the country. The study evaluated the relationship between measured water quality variables and diatom index scores. The study found a high degree of concordance between water quality variables and diatom index scores. Thus, the indices proved useful in providing an indication of the quality of the investigated waters. This could be attributed to the occurrence of many widely distributed diatom species that have similar environmental tolerances to those recorded elsewhere. Diatom indices which exhibited consistent classifications and strong correlations with water quality variables such as Trophic Index, Saprobic Index, Pampean Diatom Index, Biological Index of Water Quality and Leclercq Index are recommended for use in the country. However, ecological requirements of some diatom species from Zimbabwe need to be clarified and incorporated in a diatom-based water quality assessment protocol unique to the country.
INTRODUCTION
The relation between diatom communities and environmental variables in aquatic systems is robust and quantifiable (Wehr and Sheath, 2003; Azim et al., 2005; Tundisi, 2010a, 2010b; 2011a) . Each particular species requires different structural, physical and chemical characteristics intrinsic to its habitat. Whenever these characteristics are subject to slight variations, due to natural or anthropogenic activities, associated diatom communities respond rapidly, often changing in both taxonomic composition and biomass (Wehr and Sheath, 2003; Azim et al., 2005; Bere and Tundisi, 2009; Lavoie et al., 2008; Smucker and Vis, 2011; Stenger-Kovacs et al. 2013 ). Thus, pollution-monitoring programmes routinely include the examination of diatoms to investigate the water quality of aquatic systems (Watanabe et al., 1986; Descy and Coste, 1991; Kelly and Whitton, 1995; Prygiel et al., 1996; Biggs and Kilroy, 2000; Lobo et al., 2004; Taylor et al., 2007a Taylor et al., , 2007b Phiri et al., 2007; Lavoie et al., 2008; Bere and Tundisi, 2011c , 2011d .
Biological monitoring is a fast and cost-effective approach for assessing the effects of environmental stressors, making it a particularly essential tool for the management of rivers in developing countries (McCormick and Cairns, 1994; Taylor et al., 2007a; Harding et al., 2005, Bere and Tundisi, 2010a) . Unfortunately, diatom-based biological monitoring tools are largely lacking for many developing countries, resulting in the adoption of tools developed from other countries/regions. In many instances where these tools are adopted, their applicability to the new system has not been explicitly evaluated. However, there is evidence that diatom metrics or indices developed in one geographic area are less successful when applied in other areas (Pipp, 2002) . This is due not only to the floristic differences among regions (Potapova and Charles, 2002; Rimet et al., 2004; Taylor et al., 2007a; Chessman and Townsend, 2010) , but also to the environmental differences that modify species responses to water-quality characteristics (Potapova and Charles, 2007) . Endemic diatom species may also occur in different regions, necessitating development of region-specific indices. Thus, strict testing of these borrowed indices is required to ensure that diatom index scores give a realistic reflection of the specific type of environmental pollution being tested (Taylor et al., 2007a) .
The use of diatoms as indicators of water quality changes has relatively few precedents in Zimbabwe. Phiri et al. (2007) studied periphytic diatoms attached to the leaves of the submerged macrophyte Vallisneria aethiopica in the shallow waters of the Sanyati Basin in Lake Kariba, Zimbabwe. They concluded that diatoms may potentially be useful in assessing ecological conditions or the impact of human activities within the shallow marginal waters of the lake. Besides this study, there are no other detailed studies exploring the potential use of diatoms as indicators of water quality in aquatic systems. Diatom communities and their ecological requirements have largely been unexplored in the study region, hampering the use of diatoms as ecological indicators. The objectives of the present study were twofold: (i) to assess epilithic diatom community structure and composition in streams in relation to environmental conditions, and (ii) to test the applicability of the diatom-based water quality assessment indices developed in other regions, and calculated by the OMNIDIA version 5.3 software, to the study area. Diatom index scores were calculated and correlated to concurrent physical and chemical water quality data. The results of these correlation analyses were compared to results obtained in similar studies carried out elsewhere, e.g., in South America (Brazil), Europe and South Africa. 
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MATERIALS AND METHODS
Study area and study design
The study area is shown in Fig. 1 . The area has average annual temperature of around 24.5°C, with a mean monthly maximum of 29.9°C recorded in October and November and a mean monthly minimum of 18.9°C recorded in July. In 2012, the population of Chinhoyi was estimated at 79 368 inhabitants by the Zimbabwe National Statistics Agency (ZNSA). The municipality of Chinhoyi Town does not have an adequate system of sorting and disposal of waste. Streams in the study area therefore receive untreated or semi-treated effluent from various domestic and industrial sources as well as other diffuse sources as they pass through Chinhoyi. The city was also expanded without taking into account environmental, geographical and topographical factors, leading to deforestation, erosion and siltation. This unplanned growth, typical of many Zimbabwean cities, results in stream health deterioration, loss of primary vegetation and eutrophication, among other problems.
Eight sites were established in different streams draining Chinhoyi Town. The criterion for selecting sampling sites was to enable evaluation of the impact of breakdown in municipal service delivery (especially sewage treatment) on water quality and the associated diatom communities in the study streams. Site 1 was located downstream on the Manyame River while Site 6 was located upstream on the same river, in a relatively less-polluted area. Large flow volumes in the Manyame River (the upper reaches of which drain less-polluted commercial farms) are expected to have a dilution effect on pollutants at Sites 1 and 6. Sites 2, 5 and 7 were located just after sewage effluent discharge points. Sites 3, 4 and 8 were located in the town centre where uncollected garbage and effluent from broken sewage pipes finds its way into the stream. All of the sites were sampled 5 times on the following dates: 21/01/2012, 04/03/2012, 16/05/2012, 30/07/2012 and 27/08/2012 .
Environmental variables
At each site, dissolved oxygen (DO), electrical conductivity, temperature, pH and turbidity were measured using appropriate portable probes. The percentage riparian vegetation cover was visually estimated at each site. Water samples were collected at each site into acid-cleaned polyethylene containers (American Public Health Association, APHA, 1988) . In the laboratory, the concentrations of ammonium, nitrites, phosphates, iron and manganese were determined using a Hach DR/2010 spectrophotometer (Hach Company, 1996 -2000 . Calcium levels were determined by ethylenediamine tetra-acetic acid (EDTA) titrimetric method following APHA (1988) .
Biological components and indices used
At each site, epilithic diatom samples were sampled by brushing stones with a toothbrush. Prior to sampling of epilithic surfaces, all substrata were gently shaken in stream water to remove any loosely attached sediments and non-epilithic diatoms. At least 5 pebble-to cobble-sized stones were randomly collected at each sampling site and brushed, and the resulting diatom suspensions were pooled to form a single sample, which was then put in a labelled plastic bottle. In the laboratory, sub-samples of the diatom suspensions were cleaned of organic material using wet combustion with concentrated sulphuric acid and mounted in Naphrax (Northern Biological supplies Ltd., UK, RI=1.74), following Biggs and Kilroy (2000) . Three replicate slides were prepared for each sample. Around 400 valves per sample (based on counting efficiency determination method by Pappas and Stoermer (1996) ) were identified and counted using a phase-contrast light microscope (×1,000; Leica Microsystems, Wetzlar GmbH, Type -020-519.503 LB30T, Germany). The diatoms were identified to species level based mainly on studies from South Africa (Taylor et al., 2007c) , as well as other studies (e.g. Lange-Bertalot, 1998, 2007) .
The diatom species counts were entered into the diatom database and index calculation tool OMNIDIA version 5.3 (Lecointe et al., 1993) .The following indices were calculated and tested: the Artois-Picardie Diatom Index or APDI (Prygiel et al., 1996) ; the Eutrophication/Pollution Index or EPI (Dell'Uomo, 1996) ; the Biological Diatom Index or BDI (Lenoir and Coste, 1996) (Lobo et al., 2004) . All of these indices, except CEC, SHE, TDI and WAT index, are based on the formula of Zelinka and Marvan (1961) .
Statistical analysis
The available environmental data consisted of 12 physical and chemical variables (Table 1) . After testing for homogeneity of variances (Levene`s test, p < 0.05) and normality of distribution (Shapiro-Wilk test, p < 0.05), it was evident that the distributions of conductivity and turbidity were positively skewed; therefore these distributions were log transformed (Zar, 1984) . Two-way analysis of variance (two-way ANOVA) with Tukey's Honestly Significant Difference (HSD) pair-wise comparison test was used to compare means of environmental variables among the sites sampled and among the five sampling periods. Pearson's correlation was used to determine the relationship between the calculated index scores and measured physical and chemical water quality data. Pearson correlation, ANOVA, Levene's test and the Shapiro-Wilk test were performed using Palaeontological Statistics (PAST) software version 2.16 (Hammer et al., 2012) .
The original diatom data set consisted of 101 diatom species. Diatom counts from each site were expressed as relative abundances. Input for multivariate analysis included the diatom taxa that were present in a minimum of 2 samples and had a relative abundance of ≥ 1% in at least 1 sample. This was done in order to eliminate the effects of rare species. Of the 101 diatom taxa recorded at 21 sites sampled, 45 met this criterion. Multivariate data analyses were performed on the combined diatom data set to explore the main gradients of floristic variation and to detect and visualise similarities in diatom samples. Preliminary de-trended correspondence analysis (DCA) was applied on the diatom data set to determine the length of the gradient. The DCA revealed that the gradient was greater than 3 standard deviation units, justifying the use of unimodal ordination techniques (Ter Braak and Verdonschot, 1995) . Thus, canonical correspondence analysis (CCA) was performed to relate diatom community structure to simultaneous effects of predictor environmental variables, and to explore the relationship amongst and between species and predictor variables. Preliminary CCA identified collinear variables and selected a subset on inspection of variance inflation factors (VIF< 20; Ter Braak and Šmilauer, 2002) . Monte Carlo permutation tests (999 unrestricted permutations, p ≤ 0.05) were used to test the significance of the axis and hence determine if the selected environmental variables could explain nearly as much variation in the diatom data as all 12 environmental variables combined. DCA and CCAs were performed using CANOCO version 4.5 (Ter Braak and Šmilauer, 2002) .
RESULTS
Physico-chemical variables
The values of physical and chemical variables measured in the study area during the study period are shown in Table 1 . Temperature was significantly lower (ANOVA, p < 0.05) in the winter months, May and June, compared to the rest of the months. There were no significant differences in temperature among sampling sites (ANOVA, p > 0.05) for all of the sampling periods, though Sites 3, 4 and 8, with significantly high vegetation cover (ANOVA, p < 0.05), generally tended to be cooler compared to the rest of the sites. No significant differences were observed in conductivity, DO, pH, turbidity, nitrite, ammonia, phosphate, calcium, iron and manganese levels among the sampling periods. The pH did not differ significantly among sites (ANOVA, p > 0.05), though it tended to be generally low at Sites 2 and 7 compared to the rest of the sites. Conductivity, turbidity, nitrite, ammonia, phosphate and manganese levels were significantly higher at Sites 2, 5 and 7 compared to the rest of the sites (ANOVA, p < 0.005), while DO was significantly lower at Sites 2, 5 and 7 compared to the rest of the sites.
Community composition
A total of 101 diatom species belonging to 35 genera were recorded in the 40 diatom samples collected. All of the sites were subject to some form of pollution (agricultural or urban); hence, species distribution was strongly biased towards those that are cosmopolitan and tolerant of elevated or slightly elevated levels of pollution. The results of the CCA are presented in Fig. 2 . The first four axes of the selected exploratory variables accounted for 83.24% of the total variance in the community data (Table 2) . Axis 1 and 2 significantly explained 27.72 % and 24.08%, respectively, of the diatom species variance (Table 2; Monte Carlo unrestricted permutation, p < 0.05). Conductivity and ammonium (the latter was positively correlated with 506 turbidity, nitrite, phosphate and manganese) were positively associated with the first axis while DO, pH and temperature were negatively associated with the first axis. Temperature and calcium levels were negatively and positively associated, respectively, with the second axis.
CCA Axes 1 and 2 separated the sites into 3 groups. The first group consisted of highly polluted Sites 2, 5 and 7 that were positively and negatively associated with the first and second axis, respectively (Fig. 2) . These sites were associated with high ammonium (which was positively correlated with turbidity, nitrite, phosphate and manganese) and low pH and DO levels. Diatom species characterising these sites include species such as Achnanthidium cf. minutissimum, Aulacoseira muzzanensis (Meister) Krammer, Cyclotella ocellata Pantocsek, Gomphonema parvulum (Kützing) Cleve, G. gracile Ehrenberg, G. Pseudoaugur Krammer, Navicula gregalis Cholnoky and Nitzschia palea (Kützing) Smith.
The second group consisted of less polluted Sites 1 and 6 that were negatively associated with the first and second axis. These sites were associated with higher pH, temperature and DO and had low vegetation cover, conductivity and ammonium levels. Diatom species characterising these sites include species such as Aulacoseira granulata (Ehrenberg) Simonsen, Acronyms are presented in Table 3 . The third group consisted of medium polluted Sites 3, 4 and 8 that were positively associated with the second axis. These sites were associated with high vegetation cover and high calcium levels and had low temperature and pH. Nutrient levels were generally low compared to those of Sites 2, 5 and 7. These sites were associated with such species as Amphora copulata 
Indices
Of the 101 diatom species that were recorded during this study, 77 were entered into OMNIDIA for calculation of indices. The results of the diatom index scores generated for the sites sampled in streams draining Chinhoyi Town are shown in Table  4 . Most of the indices classified the sites into broadly similar categories to those based on environmental variables (Table 1) and CCA (Fig. 2) ; with Sites 2, 5 and 7 generally being classified as highly polluted, Sites 3, 4 and 8 being classified as moderately polluted and 1 and 6 being classified as less polluted. Inconsistencies in classification were observed for CEE, APDI, SLA, PT, WAT, GDI and DICH indices that tended to over-or under-estimate the water quality.
The results of the correlation analysis between measured environmental variables and diatom index scores generated for sites sampled during this study are presented in Table 5 . Temperature and vegetation cover were generally significantly correlated with fewer index scores compared to the rest of the environmental variables. Turbidity, DO, pH and ions associated with eutrophication, NO 2 -, NH 4 + and PO 4 3-, were significantly correlated with almost all of the index scores (p < 0.05). The APDI and the CEE indices had the weakest correlation with general water quality variables while other indices had fairly good correlation with water quality variables, with the TI index having the strongest correlations.
DISCUSSION
Community structure in relationship to environmental variables
Based on physical and chemical variables, pollution levels, especially eutrophication, differed among the sites sampled http 507 depending on anthropogenic activities taking place in the catchment. The expansion of Chinhoyi city does not meet the technical standards that go with it in terms of sewage treatment, collection of garbage, urban drainage, and so on. Streams in the study area, therefore, receive untreated or semi-treated effluent from various domestic and industrial sources as well as other diffuse sources as they pass through the city. This disorderly growth of the city, typical of many Zimbabwean cities, results in stream health deterioration, organic pollution and eutrophication, amongst other problems.
Diatom community structure and composition closely followed the observed changes in water quality due to urbanisation, as has been reported elsewhere (Lobo et al., 2004; Newall and Walsh, 2005; Duong et al., 2007; Smucker et al., 2013) , with less polluted Sites 1 and 6 being associated with diatom communities that were different from highly polluted Sites 2, 5 and 7 where untreated sewage effluent was directly discharged into the streams leading to higher eutrophication and organic pollution. Different diatom species in a community respond differently to changes in pollution because of differences in tolerances. Therefore the composition of diatom communities at different locations, or at different points in time, provide useful information about the environmental conditions. As pollution (especially eutrophication and organic pollution) increased, low-or moderate-pollution-tolerant species, such as C. tumida, C. placentula, E. formica and E. perpusillum, were replaced by highly pollution-tolerant species such as, A. cf. minutissimum, A. muzzanensis, G. parvulum, G. gracile, G. pseudoaugur, N. gregalis and N. palea. The latter group of species have also been frequently recorded in waters that are nutrient rich and poorly oxygenated, with high electrical conductivity, variables that were retained in the CCA (Fig. 2) (Van Dam et al., 1994; Kobayasi and Mayama, 1998; Gómez and Licursi, 2001; Lobo et al., 2004; Taylor et al., 2007c; Bere and Tundisi, 2009 , 2010b , 2011a , 2011b , 2011c . This group of species is known to be resistant to metal pollution (Duong et al., 2006) . Lange-Bertalot (1979) stated that species are indicative of the upper limits of pollution that they can tolerate and not the lower limit. Thus, these species, which develop well in polluted zones, may also occur in fairly clean water. Their value as indicators is their presence in polluted water. Patrick and Reimer (1966) pointed out the great difference between diatom communities in calcareous and calcium-poor rivers. In this study, diatom communities of Sites 3, 4 and 8, with high calcium levels, were different from the rest of the sites (Fig. 2) . Calcium affects diatom motility and adhesion to surfaces (Cohn and Disparti, 1994) , but exact physiological mechanisms responsible for the higher or lower affinity of diatoms to calcium (or the other alkaline cations) are still not known.
Vegetation cover, temperature and pH were also found to be important in structuring benthic diatom communities in the study area (Fig. 2) . Vegetation cover has an effect on light intensity reaching the water surface and hence photosynthesis (Potapova and Charles, 2005) . Temperature is an important driver of metabolic activities in benthic diatoms in lotic systems (Pan et al., 1996) , while pH exerts a direct physiological stress on diatoms (Gensemer, 1991; Round, 2004) , and also strongly influences other water chemistry variables (Stumm and Morgen, 1981) .
Applicability of borrowed indices
Significant correlations between some diatom-based index scores and some physical and chemical characteristics of 508 streams recorded in this study indicate the success with which diatom indices may be used to reflect changes in water quality variables of the investigated waters. Results of Pearson's correlation between water quality variables and diatom indices obtained in the present study compared favourably with results for indices and water quality variables from some European Kwandrans et al., 1998 ), South African (Taylor et al., 2007a and Brazilian (Bere and Tundisi, 2012e) authors (Table  6 ). In some cases, the correlation coefficients were better than the correlations demonstrated in Europe and South Africa. 
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Although there may be concerns as to the feasibility of transferring data concerning the ecological tolerance limits of diatoms between the Northern and Southern Hemispheres, most of the dominant diatom species encountered in this study are cosmopolitan species well documented in international literature, especially from the Northern Hemisphere (e.g. Krammer and Lange-Bertalot, 1986-1991) . These results are in agreement with Bate et al. (2004) who found that most dominant diatom species found in South African rivers were already recorded in international literature. For that reason, most foreign diatom indices may be used in the study area as they are based on the ecology of widely distributed or cosmopolitan taxa.
A total of 24 species (about 25% of the species recorded during the study, some of them probably endemic to the study region) were not entered into OMNIDIA for calculation of indices. Ecological preferences of these relatively rare diatom species have yet to be determined, rendering them useless in the calculation of index scores using OMNIDIA. Incorporation of these rare taxa in index calculation may give a better picture of the investigated water. Besides omission of about 25% of the species recorded in the calculation of the indices, the autecology of some species recorded in this study, such as G. parvu lum and N. palea, are still controversial. For example, recent evidence from the study by Trobajo et al. (2009) suggests that N. palea is taxonomically problematic. Their work illustrated that N. palea is almost certainly a complex of several or many separate species, which may differ subtly in morphology and may not all share the same ecology. Detailed studies of species with uncertain autecology are called for in order to clarify their taxonomy and ecological requirements. Round (2004) discovered that lumping of several similarl-looking taxa into one 'morphospecies' diminishes discriminative ability of diatom metrics, while detailed taxonomic and ecological studies allow recognition of taxa with good indicator properties. The ongoing discussion demonstrates the inconsistency and lack of appropriate information on ecological requirements of some diatom species recoded in this study, hampering formulation of sound diatom-based water quality management protocols. More work is needed to elucidate the ecological requirements of some diatoms in Zimbabwe, something that is far from being understood. There is a need, for a start, for extensive surveys to provide a geographical framework of diatom distributional data related to broad-scale climatic, vegetation and geological distribution patterns in Zimbabwe. Meanwhile, as recommended by Taylor et al. (2007a) , foreign indices can be used to (i) gain support and recognition for diatom-based approaches to water quality monitoring in Zimbabwe, (ii) provide an indication of water quality and allowing for the dissemination of simplified useful information to resource managers, conservationists and the general public, and (iii) allow for sample and data collection which can then be used later in the formulation of a diatom-based water quality assessment index tailored for Zimbabwe, as well as taxonomic and biogeographic studies.
Some diatom indices which exhibited consistent classifications and strong correlations with water quality variables such as TI, SI, PDI, BIWQ and IDSE indices are recommended for use in the country. All of these indices are designed to monitor organic enrichment and eutrophication (Leclerq and Maquet, 1987; Rott et al., 1997; Rott et al., 1999; Gómez and Licuirsi, 2000; Lobo et al., 2004) , two phenomena which can hardly be separated and were common in the study area as well as most streams draining urban areas in Zimbabwe, due to a breakdown of municipal sewage effluent handling infrastructure. The TI index, which exhibited strongest correlations with environmental variables, as well as the BIWQ and PDI indices, developed in the tropical regions (Gómez and Licuirsi, 2000; Lobo et al., 2004) , are especially recommended.
CONCLUSIONS
Assessment of water quality based on diatom-based indices is deemed useful in Zimbabwe to provide information on water quality impacts on rivers and streams for management purposes. Although all borrowed indices were generally applicable to the study area because many widely distributed diatom species have similar environmental tolerances to those recorded for these species elsewhere, ecological requirements of some diatom species from Zimbabwe need to be clarified and incorporated in a diatom-based water quality assessment protocol unique to the country. Certain species like A. cf. minutissimum, A. muzzanensis, G. parvulum, G. gracile, G. pseudoaugur, N. gregalis and N. palea, associated with the pollution extremes, especially eutrophication, may be used in future studies as potential indicator species for these variable changes. These species can be subjected to further experiments to confirm their status as indicator species. In addition, the applicability of these diatom-based indices needs to be tested across different geographical and climatic regions in the country and disparities among the regions compared, as this study just focused on an urban area in one geographic region. Resources should be channelled towards tackling challenges associated with diatom-based biological monitoring, principally taxonomic studies (major challenge of the present study), training of skilled manpower, and acquiring and maintaining the necessary infrastructure. There is a need for establishment of networks of competence at national, regional and global levels to improve diatom-based biological monitoring through research and innovative practices that are ecologically oriented. This should be followed by fostering two-way interactions between scientists, on the one hand, and the general public and decision makers, on the other.
